The angiotensin receptor-associated protein (Atrap) interacts with angiotensin II (AngII) type 1 (AT1) receptors and facilitates their internalization in vitro, but little is known about the function of Atrap in vivo. Here, we detected Atrap expression in several organs of wild-type mice; the highest expression was in the kidney where it localized to the proximal tubule, particularly the brush border. There was no Atrap expression in the renal vasculature or juxtaglomerular cells. We generated Atrap-deficient (AtrapϪ/Ϫ) mice, which were viable and seemed grossly normal. Mean systolic BP was significantly higher in AtrapϪ/Ϫ mice compared with wild-type mice. Dose-response relationships of arterial BP after acute AngII infusion were similar in both genotypes. Plasma volume was significantly higher and plasma renin concentration was markedly lower in AtrapϪ/Ϫ mice compared with wild-type mice.
Angiotensin II (AngII) is the primary end point of the renin-angiotensin (RAS) cascade. AngII exerts multiple functions, including mediation of vasoconstriction, stimulation of aldosterone release, and promotion of renal salt/water reabsorption. These classical effects of AngII, which eventually all result in a rise of arterial blood pressure (BP), are thought to be primarily mediated by AngII type 1 (AT1) receptors. Because changes in the activity of the systemic RAS cascade similarly affect all different accessible target tissues, it is reasonable to assume that strategies that allow for local and temporal modification of the sensitivity of AT1 receptors have evolved. In this context, modulation of AT1 receptor expression, receptor desensitization, and internalization all have been described to modify locally the AT1-related effects of AngII. [1] [2] [3] [4] [5] [6] [7] [8] In addition, a growing number of proteins seem to bind to the AT1 receptor and either enhance or suppress AT1 receptor function. 9 -13 Of the known proteins that can interact with AT1 receptors, the function of the angiotensin receptor-associated protein (Atrap) is the best characterized. 10, 14 Atrap is a 19-kD protein with three potential transmembrane domains, and it binds to the C-terminal intracellular portion of the AT1 receptor. 15 Atrap catalyzes the internalization of the AT1 receptor in cultured vascular smooth muscle cells. 14, 16 Also, Atrap inhibits AngII-mediated intracellular signaling in vitro. 17 Overall, the data suggest an inhibitory effect of Atrap on AT1 receptor function in vitro.
Regarding the in vivo function of Atrap, a re-cently generated transgenic mouse line with overexpression of Atrap in the heart, aorta, and femoral artery showed reduced inflammatory vascular remodeling and reduced heart hypertrophy as compared with transgene-negative controls. 18 The authors concluded that Atrap attenuates AT1-mediated signaling under pathophysiologic conditions. 18 To assess the in vivo function of Atrap, we generated Atrapdeficient (AtrapϪ/Ϫ) mice. Vascular responsiveness to AngII was virtually unaltered in AtrapϪ/Ϫ mice compared with wild-type mice; however, loss of Atrap resulted in increased plasma volume and elevated arterial BP. Renal cortical AngII binding and acetazolamide-sensitive tubular function were enhanced in AtrapϪ/Ϫ mice compared with wild-type controls. We propose that Atrap is a negative modulator of renal AngII signaling and that loss of Atrap results in enhanced renal reabsorptive function, leading to volume expansion and hypertension.
RESULTS

Generation of Atrap؊/؊ Mice
AtrapϪ/Ϫ mice were generated by homologous recombination in embryonic stem cells using a gene trap targeting vector. Analysis of the Atrap transcript by reverse transcriptase-PCR (RT-PCR) revealed the absence of wild-type transcripts in AtrapϪ/Ϫ mice; consequently, no abnormal splice event for the mutated Atrap-transcript would remove the targeting vector ( Figure 1 ). Western blotting with an antibody directed toward the C-terminal end downstream of the neomycin insertion site further confirmed the absence of Atrap wild-type protein in AtrapϪ/Ϫ mice (data not shown). In addition, we were unable to detect any Atrap-neomycin fusion protein by immunoblotting and by immunohistochemistry using the aforementioned anti-Atrap antibody, indicating that the introduction of the gene trap-neomycin cassette into intron 4 of the Atrap gene stopped translation downstream of the neomycin resistance cassette.
AtrapϪ/Ϫ mice were viable and showed no gross anatomic, behavioral, or fertility abnormalities. They were born at Mendelian ratios.
Atrap Expression Analysis
Atrap mRNA distribution was determined by RT-PCR for different organs (Figure 2 ). Atrap mRNA expression was observed in all organs examined, with the order of mRNA expression levels being kidney Ͼ testes Ϸ adrenal gland Ͼ heart Ͼ lung Ͼ liver Ϸ brain Ϸ spleen. Atrap protein localization in the kidney, the organ with the highest mRNA expression level, was assessed by immunohistochemistry. As shown in Figure 3 , intensive Atrap immunostaining was observed in the proximal tubules of the renal cortex, whereas essentially no expression was found in the renal medulla. Inspection of Atrap-positive tubules revealed staining of the brush border area with some additional staining of the intracellular compartment of the tubular cells. Apart from a few single scattered cells, there was essentially no overlap of Atrap expression with calbindin and Tamm-Horsfall glycoprotein, which were used as markers for the distal convolute tubule and the cortical thick ascending limb, respectively, confirming that Atrap protein is expressed predominantly in the proximal tubules. Furthermore, there was a marked overlap of immunostaining for Atrap and the proximal tubule marker megalin ( Figure 3 ). We found no detectable Atrap protein in the renal vasculature, as determined by co-staining with the smooth muscle marker SM22 ( Figure  3 ). Also, Atrap was absent from renin-positive juxtaglomerular cells of the afferent arteriole ( Figure 3) . No Atrap-positive cells were found in kidneys from AtrapϪ/Ϫ mice.
Atrap protein was also present in other organs, including the adrenal gland, liver, spleen, heart, intestine, and pancreas (data not shown). In the adrenal gland, Atrap-positive cells BASIC RESEARCH www.jasn.org were found in the zona fasciculata of the adrenal gland cortex (data not shown). With the exception of the liver, there was no appreciable Atrap staining in the vasculature of any of these organs.
Arterial BP in Conscious Mice
Mean arterial BP (MAP) and heart rate were measured by radiotelemetry during 72 hours (1816 measurements) in five AtrapϪ/Ϫ and five wild-type mice during a 12-hour/12-hour light-on/light-off periodicity. Both genotypes showed a circadian rhythm of BP, heart rate, and activity with maxima in all parameters during light-off periods and minima during light-on periods. Activity, measured as movement of the mouse over the receiver grid, was similar in AtrapϪ/Ϫ and ϩ/ϩ mice ( Figure 4 ). Systolic BP (SBP) and MAP were increased in AtrapϪ/Ϫ mice compared with wild-type mice with a 72-hour average of 120.3 Ϯ 0.7 and 106.5 Ϯ 0.9 versus 112.7 Ϯ 1.1 and 102.1 Ϯ 1.2 mmHg in wild-type mice, respectively (P ϭ 0.0014 and 0.02, respectively; Figure 4 ). Differences in SBP and MAP were significant for both the light-on and light-off periods. Diastolic BP was numerically elevated in AtrapϪ/Ϫ mice (91.9 Ϯ 1.4 versus 89.2 Ϯ 1.1 mmHg in Atrapϩ/ϩ) without reaching levels of significance (P ϭ 0.18). Average heart rate was 554 Ϯ 10 bpm in AtrapϪ/Ϫ and 569 Ϯ 8 bpm in Atrapϩ/ϩ mice (P ϭ 0.28). In view of the elevated arterial BP in AtrapϪ/Ϫ compared with ϩ/ϩ mice, heart weight was determined as a measure for cardiac hypertrophy. Relative heart weight was determined as heart/body weight and heart/brain weight ratios. Heart/body weight and heart/brain weight ratios were 0.3600 and 0.0049, 0.2600 and 0.0041, 0.3400 and 0.0046, and 0.2600 and 0.0036 for AtrapϪ/Ϫ male, AtrapϪ/Ϫ female, Atrapϩ/ϩ male, and Atrapϩ/ϩ female mice, respectively (n ϭ 10 each). Thus, hearts of male mice of each genotype were larger compared with those of females (P Ͻ 0.01 for both heart/body weight and heart/brain weight), whereas there was no significant difference between genotypes. In view of elevated arterial BP in conscious AtrapϪ/Ϫ mice compared with wild-type mice, we determined the dose-response relationship for BP after an AngII bolus infusion in anesthetized mice. Body weight was similar in both groups used in this experiment (29.0 Ϯ 0.9 g for Atrapϩ/ϩ [n ϭ 5]; Figure 5A ). Thus, changes in MAP were similar in both genotypes except for the lowest AngII dosage, for which the response of AtrapϪ/Ϫ was less pronounced than that of Atrapϩ/ϩ mice (P ϭ 0.013). Baseline heart rate did not differ between AtrapϪ/Ϫ and ϩ/ϩ mice (370 Ϯ 34 versus 361 Ϯ 15, respectively; P ϭ 0.81). Infusion of 0.2, 0.5, 2.0, 5.0, 20.0, and 50.0 ng of AngII had little influence on heart rate at low dosages but increased heart rate at high dosages by up to 53 Ϯ 11 and 59 Ϯ 13 bpm (50 ng of AngII) in AtrapϪ/Ϫ and ϩ/ϩ, respectively (P ϭ 0.77; Figure 5B ).
To assess a possible influence of Atrap deficiency on tachyphylaxis, we determined in an additional set of experiments changes in BP after repeated AngII bolus infusion and after continuous AngII infusion. Three repetitive bolus infusions (10-minute intervals) of 20 ng of AngII did not alter BP responses in AtrapϪ/Ϫ or in ϩ/ϩ mice; thus, the change in response between the first and third boluses was ϩ 1.4 Ϯ 1.0 and Ϫ1.2 Ϯ 1.4 mmHg in AtrapϪ/Ϫ and wild-type mice, respectively (n ϭ 4; P ϭ 0.35). During continuous infusion (5 ng/min AngII) arterial BP increased by 31 Ϯ 6 mmHg in AtrapϪ/Ϫ and by 33 Ϯ 5 mmHg in wild-type mice after the start of the infusion (P ϭ 0.77). After 45 minutes of continuous AngII infusion, BP had decreased from the peak level by 2.4 Ϯ 2% in AtrapϪ/Ϫ mice, not significantly different from wildtype mice (Ϫ3.0 Ϯ 1.4%; P ϭ 0.85).
Plasma Renin Concentration and Plasma Aldosterone Concentration
Basal plasma renin concentration (PRC) was substantially reduced in AtrapϪ/Ϫ mice compared with controls, averaging 246 Ϯ 23 ng AngI/ml per h in AtrapϪ/Ϫ (n ϭ 37) and 502 Ϯ 66 ng AngI/ml per h in Atrapϩ/ϩ mice (n ϭ 40; P ϭ 0.0007). To assess renin secretory capacity, we injected a single dose of furosemide (10 mg/kg, intraperitoneally) and determined PRC after 60 minutes. Furosemide administration increased PRC 13.2 Ϯ 2.0-fold in AtrapϪ/Ϫ mice (n ϭ 8) and 9.9 Ϯ 1.8-fold in wildtype mice (n ϭ 8; P ϭ 0.34), indicating that AtrapϪ/Ϫ mice retain their renin secretory ability ( Figure 6 ). Despite marked differences in PRC, plasma aldosterone concentrations were similar in AtrapϪ/Ϫ and wild-type mice, averaging 438 Ϯ 44 and 475 Ϯ 83 pg/ml, respectively (n ϭ 19 each; P ϭ 0.71).
Isolated Perfused Kidney
To address renin secretion in a controlled, in vitro setting that excluded systemic factors, we measured renin secretion in the isolated perfused kidney model. After prestimulation with the BASIC RESEARCH www.jasn.org ␤-receptor agonist isoproterenol, we assessed the negative feedback of AngII on renin secretion by adding increasing concentrations of AngII to the perfusate. AngII suppressed renin secretion in a dose-dependent manner in the concentration range of 10 pM to 1 nM. As shown in Figure 7 , no differences in the dose-response curves were observed between AtrapϪ/Ϫ (n ϭ 5) and wild-type mice (n ϭ 5). Baseline perfusion flow under resting conditions was indistinguishable between AtrapϪ/Ϫ mice and wild-type mice (8.9 Ϯ 0.9 and 9.1 Ϯ 0.4 ml/min per g kidney wt, respectively). Infusion of AngII reduced perfusion flow (constant perfusion pressure) depending on the AngII concentration, with a flow minimum being reached at 1 nM AngII (27.4 Ϯ 3.7 and 28.4 Ϯ 3.3% of baseline for AtrapϪ/Ϫ and ϩ/ϩ mice, respectively); no significant differences were observed between genotypes (Figure 7 ).
Plasma and Blood Volume
In view of increased arterial BP in AtrapϪ/Ϫ mice in conjunction with essentially unaltered vascular responsiveness to AngII, we determined plasma and blood volume by the Evans Blue dilution method in 18 AtrapϪ/Ϫ and 13 Atrapϩ/ϩ mice. Body weight was similar in both groups (26.2 Ϯ 1.3 and 24.8 Ϯ 1.2 g, respectively; P ϭ 0.46). Plasma volume was expanded by 20.5% in AtrapϪ/Ϫ mice in comparison with Atrapϩ/ϩ mice, averaging 3.9 Ϯ 0.2 and 3.1 Ϯ 0.2% of body weight, respectively (P ϭ 0.005). Hematocrit was 50.0 Ϯ 0.6% in AtrapϪ/Ϫ and 51.3 Ϯ 0.6% in Atrapϩ/ϩ mice (P ϭ 0.14). Consequently, blood volume was increased by 19.0% in AtrapϪ/Ϫ mice compared with controls (7.9 Ϯ 0.4% in AtrapϪ/Ϫ versus 6.4 Ϯ 0.4% of body weight in Atrapϩ/ϩ; P ϭ 0.01; Figure 8 ).
AngII Binding Study
Considering the increased plasma volume of AtrapϪ/Ϫ mice, we assessed the consequence of loss of Atrap on functional AT1 receptor membrane expression in the kidney. Because Atrap expression in the kidney was limited to the proximal tubules, we used a membrane fraction of the renal cortex for the AngII binding studies. In a pilot experiment, we determined AT1 receptor mRNA expression levels in the renal cortex of AtrapϪ/Ϫ and ϩ/ϩ mice by RT-PCR. AT1 mRNA levels were similar in both genotypes, averaging 0.76 Ϯ 0.20 and 0.99 Ϯ 0.20 relative units in AtrapϪ/Ϫ and ϩ/ϩ mice, respectively (n ϭ 5 each; P ϭ 0.2). ence of excess cold AngII (data not shown).
125 I-AngII binding was markedly augmented in renal cortical membranes from AtrapϪ/Ϫ mice compared with wild-type mice, averaging 15,900 Ϯ 909 cpm/g protein in AtrapϪ/Ϫ (n ϭ 11) and 10,900 Ϯ 1100 cpm/g protein in Atrapϩ/ϩ mice (n ϭ 9; P ϭ 0.003; Figure 9 ).
Renal Tubular Function
In view of enhanced renal AngII binding accompanied by increased plasma volume, we assessed basic parameters of renal tubular function. Ambient urine osmolarity was similar in AtrapϪ/Ϫ mice compared with Atrapϩ/ϩ, averaging 1372 Ϯ 173 mosmol/L in AtrapϪ/Ϫ (n ϭ 13) and 1833 Ϯ 240 mosmol/L in Atrapϩ/ϩ mice (n ϭ 12; P ϭ 0.13). Twentyfour-hour urine volume was similar in AtrapϪ/Ϫ and Atrapϩ/ϩ mice (2.6 Ϯ 0.4 and 2.2 Ϯ 0.3 ml/24 h; n ϭ 6; P ϭ 0.55). Urine pH was significantly lower in AtrapϪ/Ϫ compared with Atrapϩ/ϩ mice, averaging 6.51 Ϯ 0.11 and 7.12 Ϯ 0.13, respectively (n ϭ 40 and 36, respectively; P ϭ 0.0008) ( Figure 10 ). To address proximal tubular function, the predominant site of renal Atrap expression, we used the carboanhydrase inhibitor acetazolamide to reduce proximal tubular salt reabsorption. Acetazolamide induced marked diuresis in both genotypes with 2-hour urine volume being significantly larger in AtrapϪ/Ϫ compared with wild-type mice (1.01 Ϯ 0.08 versus 0.75 Ϯ 0.07 ml for AtrapϪ/Ϫ and Atrapϩ/ϩ, respectively; n ϭ 20 each; P ϭ 0.02). Acetazolamide alkalized the urine in both genotypes and abolished urinary pH differences between AtrapϪ/Ϫ and wild-type mice (8.29 Ϯ 0.08 for AtrapϪ/Ϫ and 8.46 Ϯ 0.06 for Atrapϩ/ϩ; P ϭ 0.09). Thus, the change in urine pH after acetazolamide was 1.78 Ϯ 0.12 in AtrapϪ/Ϫ and 1.34 Ϯ 0.10 in Atrapϩ/ϩ mice (P ϭ 0.001).
DISCUSSION
In vitro data suggest that Atrap is a negative regulator of AT1 receptor function. The focus of this study was to investigate the role of Atrap for AT1 receptor function in vivo.
To generate a null mutation of the Atrap gene, we performed gene targeting by a gene-trap approach. The absence of wild-type Atrap expression in AtrapϪ/Ϫ mice was established by two approaches. First, absence of Atrap wild-type transcripts as determined by RT-PCR with primers flanking the vector insertion site indicated that no splice events that would remove the vector sequence occurred. Second, immunoblotting and immunohistochemistry with an antibody directed against an epitope located downstream of the vector insertion site confirmed the absence of any detectable run-through translational product. Of note, the deleted region of the Atrap protein contains the region that was previously shown to facilitate Atrap-AT1 receptor interaction. 15 We found Atrap expression in several organs, with the highest expression levels in the kidney. This result is in agreement with a recent study that addressed the tissue distribution of Atrap by Western blotting. 19 Co-staining with the vascular smooth muscle cell marker SM22 revealed virtually no Atrap expression in blood vessels. This observation is congruent with a report that indicated very low levels of Atrap expression in Figure 9 . Atrap deficiency enhances renal cortical AngII binding. 125 I-AngII binding was measured for membranes isolated from renal cortices of AtrapϪ/Ϫ (n ϭ 11) and wild-type mice (n ϭ 9). Data are cpm/g protein. BASIC RESEARCH www.jasn.org the aorta as determined by Western blotting and no Atrap expression in the vasculature of the kidney as determined by immunostaining. 19 In the kidney, the organ with the highest Atrap expression, Atrap was expressed predominantly in the proximal tubule. This finding is in agreement with another renal localization study 19 ; however, unlike this recent study, we did not find significant tubular Atrap expression in segments other than the proximal tubule, although scattered single cells of the thick ascending limb and the distal convoluted tubule seemed to express Atrap. This discrepancy may be related to different sensitivity or specificity of the antibodies used. Of note, we detected no Atrap staining in kidneys from AtrapϪ/Ϫ mice, suggesting a decent specificity of our antibody. Atrap in the plasma membrane of proximal tubular cells was predominantly present in the apical aspect of the cell, overlapping with the site of highest AT1 receptor density. 20 The main observation of our study is that Atrap deficiency results in increased arterial BP and blood volume expansion. SBP, as measured by radiotelemetry over 3 days, was elevated by approximately 8 mmHg in AtrapϪ/Ϫ mice compared with Atrapϩ/ϩ mice. The magnitude of change seems considerable when bearing in mind that complete loss of AT1 receptors results in a drop in SBP of approximately 24 mmHg in AT1a and 27 mmHg in AT1a/b double-knockout mice. 21, 22 To evaluate the basis for increased BP, we assessed AngIIdependent vascular reactivity and volume status of AtrapϪ/Ϫ mice. Increases in BP after bolus infusion of AngII were similar in anesthetized AtrapϪ/Ϫ and ϩ/ϩ mice, with an exception of the lowest dosage, which triggered a more pronounced rise in BP in wild-type than in AtrapϪ/Ϫ mice. This observation is unexpected assuming a negative regulatory effect of Atrap on AT1 receptor function as supported by several in vitro studies 14, 15, 18, 23 ; however, because we did not detect significant Atrap protein expression in the vasculature, it seems likely that this observation is due to some indirect effect. Pre-experimental long-term exposure to different BP in AtrapϪ/Ϫ and ϩ/ϩ mice may have influenced AT1 receptor expression and/or sensitivity in resistance vessels. 24 Regardless of the exact reason for this finding, our data suggest that vascular Atrap deficiency is not primarily involved in elevating BP in AtrapϪ/Ϫ mice.
In addition to being one of the most potent known vasoconstrictors, AngII influences volume status by a direct stimulation of renal tubular salt and water reabsorption. This effect was reported to be mediated by AT1 receptors, which are abundantly expressed along the renal tubular system with highest densities in the apical membrane of the proximal tubule. [25] [26] [27] Because Atrap was localized predominantly in the proximal tubule, it seems feasible that Atrap modulates AT1 receptor function in this segment, which facilitates the bulk of renal salt/water reabsorption. In fact, membrane AngII binding in the renal cortex was increased by 46% in AtrapϪ/Ϫ mice compared with wild-type mice despite similar AT1 gene expression levels. These data suggest that Atrap reduces proximal tubular AT1 surface expression, as shown before by in vitro studies. 14, 16, 18 Enhanced AngII binding to the proximal tubule of AtrapϪ/Ϫ mice would be expected to stimulate tubular salt and water reabsorption and promote acid excretion predominantly by stimulation of the Na/H exchanger NHE-3. 20, 28, 29 Thus, that we found lower urinary pH in AtrapϪ/Ϫ mice in comparison with wild-type mice would be in line with increased AngII-dependent NHE-3 activity in the proximal tubule of AtrapϪ/Ϫ mice. Furthermore, inhibition of proximal tubular function by the carboanhydrase inhibitor acetazolamide resulted in a more pronounced diuresis in AtrapϪ/Ϫ mice than in wild-type mice, suggesting an augmented baseline NHE-3-dependent reabsorption in AtrapϪ/Ϫ mice. Urinary pH after application of acetazolamide was indistinguishable between AtrapϪ/Ϫ and wild-type mice, indicating that lower basal urinary pH in AtrapϪ/Ϫ mice is related to altered proximal tubular function. In view of enhanced renal cortical AngII binding and enhanced proximal tubular reabsorption in AtrapϪ/Ϫ mice, we propose that Atrap acts as a negative regulator of renal tubular AT1 receptors in vivo.
Congruent with enhanced AngII-dependent proximal tubular reabsorption, plasma and blood volume were increased in AtrapϪ/Ϫ mice in comparison with wild-type mice. Hematocrit for both genotypes was in the upper normal range 30 and was not different between AtrapϪ/Ϫ and ϩ/ϩ mice, as reported before for other models of chronic volume expansion. 31, 32 PRC and, by inference, renin secretion were suppressed in AtrapϪ/Ϫ mice. The absence of Atrap from renin-generating granular cells of the afferent arteriole indicates the operation of an indirect effect on renin secretion in AtrapϪ/Ϫ mice. When exposed to furosemide, a potent stimulator of renin secretion, 33 the rise in PRC was similar in both AtrapϪ/Ϫ and ϩ/ϩ mice, suggesting that renin secretion per se was preserved in AtrapϪ/Ϫ mice. Intact renin secretory capacity in AtrapϪ/Ϫ mice was further confirmed by experiments using the isolated perfused kidney model whereby renin secretion was indistinguishable between AtrapϪ/Ϫ and wild-type controls. The inverse relationship between BP and PRC is well established, and it seems that increased BP most likely accounts for a suppression of the renin system in AtrapϪ/Ϫ mice in vivo.
In summary, AtrapϪ/Ϫ mice show increased arterial BP, they are volume expanded, and their renin system is indirectly suppressed. The overall relevance of Atrap for vascular AT1 receptor function seems limited; however, our data suggest that Atrap acts as a negative regulator of AT1 receptors in the tubular system of the kidney. Thus, Atrap seems to be involved in the modulation of proximal tubular reabsorptive function, and, consequently, in the control of volume status and BP.
CONCISE METHODS
Generation of Atrap؊/؊ Mice
AtrapϪ/Ϫ mice were generated by homologous recombination in embryonic stem cells according to gene-trap protocols. Clone XE129 (BayGenomics), which was confirmed to have an integration of a gene-trap vector (pGT1Lxf) into intron 4 of the Atrap gene, was used for blastocyst injection and subsequent foster mother implantation. 34 Two male chimeras were obtained, both of which transmitted the mutated allele to the germline. As shown in Figure 1 , the gene-trap vector contained a splice-acceptor sequence upstream of a reporter/ selection expression cassette coding for a fusion protein of ␤-galactosidase and neomycin phosphotransferase II. As a result of the integration event, 40 amino acids of the C-terminal end of Atrap were predicted to be replaced by the ␤-galactosidase/neomycin phosphotransferase II fusion protein. To discriminate between wild-type and mutated Atrap transcript, we designed primers for RT-PCR located in the exons up-and downstream of the insertion site (5Ј-CAGCTTG-GCCCTTGTTCTCCAG-3Ј and 5Ј-CATCCTCAGCTTGCTGCT-GAAG-3Ј), yielding a PCR product of 194 bp in wild-type mice only. The same primers were used for genotyping to detect the wild-type allele (1152 bp), whereas the mutated allele (Ͼ10 kb) was not detected under standard PCR conditions. Primers for detecting neomycin were 5Ј-GGGTGGAGAGGCTATTCGGCT-3Ј and 5Ј-CCACAGTCGAT-GAATCCAGAA-3Ј (product size 603 bp). For all experiments, AtrapϪ/Ϫ and ϩ/ϩ littermates were used from heterozygous breeding pairs. All animal experiments were performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the local authorities.
Localization Study (RT-PCR and Immunohistochemistry)
Total RNA from various organs of AtrapϪ/Ϫ and wild-type mice was isolated using Trizol reagent (Life Technologies, Carlsbad, CA). After reverse transcription, real-time PCR was performed for Atrap, AT1 receptor, and ␤-actin using a Light-Cycler system (Roche, Mannheim, Germany). For immunohistochemistry assays, an anti-mouse Atrap antibody was generated in rabbits according to standard protocols using a 13-amino acid immunizing peptide (amino acids 148 through 161 of the C-terminal tail of the Atrap protein 19 ). Commercial antibodies were used for detection of SM22, calbindin, TammHorsfall glycoprotein (Santa Cruz Biotechnology, Santa Cruz, CA), megalin (gift from Dr. Bachmann, Charite, Berlin, Germany) and renin (Davids Biotechnologie, Regensburg, Germany). For tissue fixation, anesthetized mice were perfused through the abdominal aorta with 10 ml of PBS followed by 15 ml of 3% PFA/PBS. Organs were removed and stored in 70% methanol before paraffin embedding. Immunostaining was performed as described previously. 35 
Western Blotting
Western blotting for Atrap was performed according to standard protocols using the same anti-Atrap antibody as described already.
BP Telemetry
The Data Sciences International telemetry system (St. Paul, MN) was used for experiments. Transmitters (model TA11PA-C10) were magnetically activated Ͼ24 hours before implantation. In mice anesthetized with ketamine and xylazine (90 and 10 mg/kg, respectively), the telemeter catheter was inserted into the left carotid artery and advanced into the aortic arch, with the telemeter body positioned in a subcutaneous pocket on the right flank. After a 1-week recovery, recordings were begun on the morning of the eighth day, with 10-second samplings every 2 minutes for at least 3 days for each animal. Radio signals were processed using a model RPC-1 receiver, a 20-channel data exchange matrix, APR-1 ambient pressure monitor, and a Data Quest ART Silver 2.3 acquisition system. The recording room was maintained at 21 to 22°C with a 12-hour light/12-hour dark cycle.
BP Measurements in Anesthetized Mice
Mice were anesthetized with 100 mg/kg thiobutabarbital (inactin) intraperitoneally and 100 mg/kg ketamine subcutaneously. Body temperature was maintained at 38.0°C by placing the animals on an operating table with a servocontrolled heating plate. The trachea was cannulated, and a stream of 100% oxygen was blown toward the tracheal tube throughout the experiment. The left carotid artery was catheterized with hand-drawn polyethylene tubing for continuous measurement of arterial BP. A catheter was also inserted into the right jugular vein for an intravenous maintenance infusion of saline at a rate of 12 l/g body wt per h. Increasing dosages of AngII were given as bolus infusions; a next bolus was applied when BP had returned to baseline values; thus, the time interval between single boluses was between 2 and 6 minutes. In an additional series of experiments, repetitive boluses of the same dosage were given. Finally, in a last set of experiments, continuous infusions of 5 ng/min AngII were given over 45 minutes.
Isolated Perfused Kidney
Mice were anesthetized with an intraperitoneal injection of 12 mg/kg xylazine and 80 mg/kg ketamine-HCl. The abdominal aorta was cannulated, and the right kidney was excised, placed in a thermostated moistening chamber (37°C), and perfused at constant pressure (100 mmHg). Finally, the renal vein was cannulated, and samples of the venous perfusate were taken every 3 minutes for determination of renin activity. Unsampled perfusate was discarded. The basic perfusion medium consisted of a modified Krebs-Henseleit solution, supplemented with 6 g/100 ml BSA and human red blood cells (10% hematocrit), as described previously. 36 For determination of renin activity, the perfusate samples were incubated for 1.5 hours at 37°C with plasma from bilaterally nephrectomized male rats as renin substrate. AngI (ng/ml per h) generation was measured with an RIA kit (Byk & DiaSorin Diagnostics, Taufkirchen, Germany), and renin secretion rates were calculated as the product of renin activity and venous flow rate (ml/min per g kidney wt).
PRC and Plasma Aldosterone Concentration
Blood was collected from conscious mice by puncture of the submandibular vessels with a 19-G needle and collection of approximately 20 l of the emerging blood into an EDTA-containing microhematocrit tube. PRC was measured with an RIA kit (Byk & DiaSorin Diagnostics) in the presence of excess exogenous rat substrate. For assessment of acute renin secretory capacity, mice received a single intraperitoneal injection of furosemide (10 mg/kg), and blood was collected after 60 minutes. Plasma aldosterone was determined using an aldosterone ELISA kit (Diagnostic Biochem Canada, London, Ontario, Canada). Fifty microliters of a 1:5 dilution of plasma was used in the assay.
Determination of Plasma and Blood Volume
Plasma volume was measured in conscious mice as the distribution volume of injected Evans Blue. 37 After measurement of hematocrit and baseline absorbance at 620 nm, 30 l of a 5-mg/ml Evans Blue (Sigma-Aldrich, Munich, Germany) saline solution was injected into the tail vein with a Hamilton Gastight syringe (30-G needle). After 10 and 30 minutes, blood samples were collected by tail-vein puncture into 5-l heparinized capillaries (Brand, Wertheim, Germany), and plasma was separated by centrifugation. Evans Blue absorbance was read at 620 nm at a 1:5 dilution with a Nanodrop ND-1000 Spectrophotometer (Peqlab Biotechnologie, Erlangen, Germany). Plasma Evans blue concentration was calculated according to a standard curve generated by a serial dilution of the 5-mg/ml Evans Blue saline solution. Plasma volume was calculated using a linear regression model.
AngII Binding Study
After the mice were killed, the kidneys were rapidly excised and washed in cold saline. Then, the cortices were dissected, frozen in liquid nitrogen, and stored at Ϫ80°C. All of the following preparations steps were performed at 4°C. A total of 200 mg of renal cortex was homogenized using an Ultraturax homogenizer in 1.3 ml of isotonic buffer (50 mmol/L Tris/HCl [pH 7.4], 250 mmol/L sucrose, 0.1 mmol/L PMSF, 10 g/ml benzamide, and 10 g/ml leupeptin). The homogenate was centrifuged at 1000 ϫ g for 10 minutes at 4°C; the supernatant was recovered and centrifuged at 9000 ϫ g for 20 minutes at 4°C, followed by two additional centrifugation steps (26,000 ϫ g). The supernatant was re-centrifuged at 105,000 ϫ g for 60 min at 4°C. The resultant pellet was suspended in 1 ml of binding buffer (75 mmol/L Tris/HCl [pH 7.4], 1 mmol/L EDTA, 12.5 mmol/L MgCl 2 , 0.1 mmol/L PMSF, 10 g/ml benzamide, and 10 g/ml leupeptin), pressed 15 times with a 27-G cannula, and recentrifuged. This washing procedure was repeated three times. The final pellet was resuspended in 0.8 ml of binding buffer and used for radioligand receptor binding experiments. Protein concentrations were determined by a Bio-Rad protein assay kit (Bio-Rad 5000-0001), with BSA as a standard. Renal membranes were stored in aliquots at concentrations of 10 mg/ml at Ϫ80°C until further use. One milligram of membranes was suspended in 500 l of binding buffer supplemented with 1 to 200 pmol/L, 2200 Ci/mmol 125 I-[Tyr 4 ]AngII (NEN PerkinElmer NEX 105), 0.1 mmol/L Enalapril, and the AT2 receptor antagonist PD123319 (100 M), in the absence or presence of unlabeled AngII (1 mol/L) for determination of nonspecific binding. Membrane preparations from renal cortices of AT1a/b double-knockout mice served as an additional control for AT1 receptor-independent binding. The samples were incubated for 90 min at 22°C. The incubation was terminated by vacuum filtration (48-well Brandel MB-48R harvester) over glass fiber filters (GF/C filters; Whatman) followed by three wash steps with 3 ml of ice-cold binding buffer. The radioactivity trapped on the filters was quantified with an automatic ␥ counter.
Urine Osmolarity and Urine pH
Urine osmolarities under ambient conditions were determined in spot urine samples of conscious mice by the freezing point depression method. Ambient urine pH was determined in spot urine samples with a pH glass electrode. Twenty-four-hour urine was collected in metabolic cages under a layer of mineral oil after mice were accustomed to the metabolic cage for 3 days. For assessment of proximal tubular function as the main nonvascular target of AngII in the kidney in conscious mice, the carboanhydrase inhibitor acetazolamide (Sigma, Munich, Germany) was given by gavage (40 g/g body wt in 100 l of water) and urine was subsequently collected for 120 minutes.
Statistical Analysis
Data are expressed as means Ϯ SEM. Statistical comparisons were made by t test or by ANOVA with Bonferroni post hoc test when necessary.
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